ABSTRACT A novel dual-band 3-dB Wilkinson power divider (WPD) is presented that requires only partial port extension. The design methodology is based on the impedance matching technique and is very simple and intuitive with very simple closed-form formulations. The proposed technique has free variable(s) that add extra flexibility during the design and implementation. Continuous variation of isolation element(s) with band ratio (=f 2 /f 1 ) is no more required and is a distinct feature of this approach when compared with the conventional port extension technique. To enhance the band-ratio further, a technique, which utilizes port extension on all ports, is also demonstrated through an example. The band ratio of the proposed WPD is moderately wide, starting from 1.5 and going beyond 4. A flowchart of the proposed scheme is also reported that aids the systematic design procedure. The presented theory is validated through design and measurement of a prototype fabricated to operate at 0.9/3.5 GHz concurrently. The simulation and the measurement exhibit good agreement.
I. INTRODUCTION
The Wilkinson power divider (WPD) is one of the most popular and useful power divider/combiner structures for advanced RF/microwave communication systems. They are indispensable part of many sophisticated blocks such as Doherty power amplifier, phased array antennas, I/Q vector modulators, balanced mixer and frequency multipliers [1] , [2] . Rapid developments in the field of multiband/multi-standard wireless communication systems have profound impact on how the state-of-the-art circuits and systems are developed and designed. Therefore, requirement of advanced RF/microwave components possessing identical characteristics at two or more frequencies, in general, and that of the WPD in particular has emerged [3] , [4] . The latest trend is also towards using advance materials to achieve wider bandwidth [5] and develop WPD with additional features such as harmonic suppression [6] . Numerous designs of dualband WPD have been reported in the literature [7] - [26] . Many of these designs [7] - [10] have topologies utilizing R, L and C lumped components in their isolation networks which provides more flexibility in the design. For example, a very wide band-ratio WPD was reported in [10] . However, these designs have limited use at high frequencies due to inherent parasitics associated with lumped components [27] . Moreover, although the composite-right/left-hand (CRLH) material based WPD [11] has potential of miniaturization, but their utilization at higher frequency is again limited due to the similar reason. On the other hand, replacement of quarter wavelength line of conventional WPD by equivalent dual-frequency quarter wave-length blocks [12] is a simple approach but they have limited band-ratio. Some other techniques [13] - [17] , such as shifting the output ports [15] have also been reported. Some of the researchers also focused on circuit miniaturization, and therefore coupled lines based WPD designs were reported as well [18] - [25] -to achieve miniaturization through an additional inherent degree of freedom. However, in planar microstrip technology, these designs are difficult to realize as they require compensation for different even and odd mode velocities. It is often difficult to achieve the desired performance at two different frequencies concurrently.
Finally, port matching technique [28] is a very simple and intuitive technique for performance enhancement of coupler/dividers that is essentially based on impedance matching concept. An interesting dual-band WPD using port matching was reported in [26] . However, a major limitation in this design is the need of the isolation resistor being continuous function of the band-ratio. In fact, this ails many other nonport extended designs as well, as listed later in a comparison table of this paper. But, the commercially available lumped components are found only in discrete values, therefore, in practice, such designs will work perfectly only at discrete frequencies. In addition, the design technique reported in [26] necessitates solution of an 8 th -order polynomial. It must be noted that the dual-band WPDs of [26] mandatorily needs port-extension by a series transmission line at all the three ports.
In this paper, the dual-frequency property of a transmissionline section terminated into a real impedance is utilized to overcome some of the above-mentioned limitations of the port-matched WPD. A glimpse of this property was given in [29, Sec. III/C], but here an in-depth analysis and demonstration of the same is provided. The proposed port-extended WPD that comes as an extension of the matching concept introduced in [29] has the following advantages as compared to the other designs based on port matching technique: 1) Isolation resistor independent of the band-ratio: a key contribution of the proposed technique is that it makes the isolation resistor independent of the band-ratio.
2) The port-extension is required only at the input port in
normal circumstance: it is demonstrated that in most of the cases the port extension (through a series TL section) is required only at the input side, that is, the port-extension is only partial. In situations where a physically realizable WPD cannot be designed, it is proposed that the full port extension technique can be used to realize the same. In addition, while majority of WPDs in the current state-ofthe-art makes use of more than one lumped elements in the so-called complex isolation architectures which are normally difficult to handle at higher frequencies, the proposed design approach utilizes only one resistor.
This article begins with the very useful properties discovered for a transmission line (TL) section terminated into real impedance and that of a conventional WPD in Section II. The proposed dual-band WPD is discussed in Section III, whereas investigation into its capabilities and limitations through various simulation studies are presented in Section IV. A prototype and its measurements results are given in Section V followed by the conclusions in Section VI.
II. BASIC CONCEPTS
In this section, some fundamental concepts required to illustrate the proposed technique are discussed. The first concept is pertaining to a TL section terminated into a real impedance, whereas second one is that of the core structure of the WPD.
A. BEHAVIOR OF INPUT ADMITTANCE OF A TL
A TL section is shown in Fig.1 . Z 1 and θ 1 are characteristic impedance and electrical length of the TL section, whereas Z s is the real impedance into which the TL section is terminated. The input admittance looking to the right is named as Y A .
Applying the formula of input impedance for a transmission line, Y A can be expressed as follows: with,
A quick look at the above expression reveals that if θ 1 is replaced by mπ − θ 1 , then G A remains the same, whereas just the sign of B A gets changed. Therefore, if θ 1 is the electrical length assigned to the TL at the first frequency, f 1 , and it is chosen in such a manner that the corresponding electrical length at the second frequency, f 2 , is mπ − θ 1 , then Y A = |G A | + j|B A |@f 1 and Y A = |G A | − j|B A |@f 2 and vice-versa. To ensure this behavior, the corresponding value of θ 1 is given by (4) [28] .
where, m is an integer and r = f 2 /f 1 is the bandratio or frequency-ratio.
To summarize: if θ 1 is chosen as defined by (4) , then the input admittance looking into a transmission line terminated into a purely real impedance is complex conjugate of each other at the two frequencies. It is highly interesting and useful property and its application in a novel port extended WPD will be shown shortly. This discovered property was utilized in the intuitive design of dual-band impedance transformer in [27] .
B. BEHAVIOR OF INPUT AND OUTPUT ADMITTANCES OF WPD CORE
A WPD core structure shown in Fig. 2 has two identical TL sections and an isolation resistor, R. Z 2 and θ 2 are characteristic impedance and electrical length of the TL sections.
The even-and odd-mode analysis can be used to find the input (Y in ) and output (Y out ) admittances of this WPD core [29] , [30] and they are given by (5)- (6):
Y inR and Y inI are the real and imaginary parts of the input admittance, whereas Y outR and Y outI are the real and imaginary parts of the output admittance. As discovered in the VOLUME 5, 2017 FIGURE 2. Conventional equal-division WPD core.
previous subsection, a careful look at (5) and (6) 
where, n is an integer.
III. PROPOSED DUAL-BAND WPD
The proposed dual-band WPD is shown in Fig. 3 . It is comprised of a conventional WPD core consisting of TL sections having characteristic impedance Z m and electrical length θ m and an isolation resistor R, and the three matching networks at each of the three ports. The input side matching network consists of the TL section with characteristic impedance Z l and electrical length θ l and a dual-band stub (either open or short circuited) having characteristic impedance Z ls and electrical length θ ls . In this equal split divider, the two output side matching networks are identical and they consist of the TL section having characteristic impedance Z r and electrical length θ r and dual-band stub (again, either open or short circuited) having characteristic impedance Z rs and electrical length θ rs . Thus, the input port of conventional WPD is extended by an amount of θ l in the proposed dual-band WPD, whereas the output ports are extended by θ r . However, it shall be proved later that output ports may not need to be extended (partial extension case). Z 0 is the port termination impedance. In [26] , both the real as well as the imaginary parts of Y in (Y out ) is forced to be matched to the real and the imaginary parts of Y l (Y r ), respectively, which puts huge constraint on the choice of Z l , Z m and Z r as they must be chosen to facilitate this simultaneous matching. In contrast, the matching in the proposed WPD is established as follows: at the input side, the real part of Y in is equated to the real part of Y l and the algebraic sum of their remaining imaginary parts, that is, the imaginary part of (Y in + Y l ) is cancelled using the dualband stub. Similar steps are repeated at the output side. Since, now only the real part of Y in (Y out ) is to be matched to the real part of Y l (Y r )−the cancellation of imaginary parts is left to the additional stubs− the matching criteria is much relaxed now. It has much lesser constraints on the selection of Z l , Z m and Z r , which ultimately leads to the WPD with enhanced performance. Having outlined the working plan of the proposed dual-band WPD, the required design equations are derived in the next sub-sections. 
A. DESIGN EQUATIONS FOR THE INPUT/ OUTPUT SIDE MATCHING NETWORKS: EQUATING THE REAL-PARTS
Referring to Fig. 3 , since, Re(Y in ) = Re(Y l ) where Re(X ) denotes the real-part of X , the following equations can be obtained with the help of (2) and (5):
Similarly, invoking Re(Y out ) = Re(Y r ) for the output side:
The observation form (9) and (10) that Z l is dependent on Z m whereas Z r is independent of the same is not strange as the whole matching network also consists of stub and it will be shown shortly that the characteristic impedance of output stubs, Z rs does depend on Z m . θ l and θ r have the same expression as it appears in (4) and (7), where the integers are usually selected equal to 1 or 2 to achieve compact size. It is apparent from (9) and (11) that R and Z m are independent variables, which can be chosen conveniently to get a physically realizable WPD. In contrast, in the previously reported design [26] , the isolation element R is a function of electrical length and therefore, a continuous function of band-ratio.
Although, R is an independent variable, but setting R = 2Z 0 is an interesting choice. It is apparent from (11) that with this choice, Z r = Z 0 , that is, the output ports are matched without port extension (stubs would still be required at output ports, however, to cancel the imaginary part of WPD output admittance, Y outI ). And, therefore, θ r could be of any length suitable for SMA connection, not necessarily given by (4) . And therefore, with this fixed choice of R = 2Z 0 , the port extension in the proposed dual-band WPD is only partial.
B. DESIGN EQUATIONS FOR THE INPUT/ OUTPUT SIDE MATCHING NETWORKS: CANCELLATION OF THE IMAGINARY-PARTS
Having equated the real parts in the previous subsection, the next step in the matching is to cancel the remaining imaginary parts at the two frequencies. The remaining imaginary parts at the input side is given by:
Where, Im(X ) denotes the imaginary-part of X . The term, B Al is the imaginary part of Y l and is obtained using (3) by substituting Z s = Z 0 , Z 1 = Z l and θ 1 = θ l . If an open stub with characteristic impedance Z ls and electrical length θ ls is to be used to cancel this imaginary part, then the following equations must be satisfied [33] :
and,
where, the fact that the electrical length is proportional to frequency has been utilized, and therefore, θ ls defined at f 1 becomes rθ ls at f 2 . Solving (13a) and (13b) yields:
and, θ ls = pπ/(1 + r)
with p being an integer, often either equal to 1 or 2. Since, Z ls − a characteristic impedance is always positive, p must be selected equal to unity if (Y inI + B Al ) is negative, otherwise p = 2. Moreover, if a short stub is to be used instead, then its design expressions are still given by (14a and 14b), except that instead of a tangent, a cotangent function without minus sign needs to be used in (14a). More details about these dualband stub designs are given in [31] .
Similarly, the remaining imaginary parts at the output side is given by:
Again, B Ar is imaginary part of Y r and is obtained using (3) by substituting Z s = Z 0 , Z 1 = Z r and θ 1 = θ r . For an open stub,
and, θ rs = qπ/(1 + r)
where q is an integer. It must be kept in mind that if R = 2Z 0 is used then B Ar = 0. Moreover, since Y outI depends on Z m , hence does Z rs .
IV. DESIGN AND SIMULATIONS
To verify and assess the capabilities of the proposed design technique, some simulation examples are presented in this section. The variation of line impedance of input side matching network is shown in Fig. 4 for three distinct values of Z m = 40 , 80 , and 120 . It is apparent that changing the value of Z m changes the range of band-ratio over which a physically realizable input matching network could be obtained. For instance, setting Z m = 40 results into r ∈ (1, 1.65) if one has design freedom to use either an open or a short stub, whereas setting Z m = 120 causes r to start from 1.45 and go beyond 4. Similarly, variation of the elements of output matching network are depicted in Fig. 5 , again for the three distinct values of Z m = 40 , 80 , and 120 . It must be noted that the band-ratio over which the proposed WPD could be physically realized is the combined value of r as obtained from Figs. 4 and 5. For example, if we set Z m = 120 , the minimum start value of r for the input network is 1.45 and for the output network it begins at r = 1.95. Therefore, the minimum start value of band-ratio for a realizable WPD is 1.95.
To study the impact of Z m on bandwidth of the proposed WPD, design parameters of four examples are listed in Table I corresponding to r = 2 and Z m = 50 , 70.7 , 90 and 120 . The S-parameters of these designs are plotted in Fig. 6 . It is apparent that bandwidth does change with Z m and in the present case Z m = 70.7 gives the best performance in terms of bandwidth. An explanation of bandwidth in dualband context is given in [32] . Furthermore, although r = 2 is a convenient value to work with, but to prove that proposed design technique is versatile and scalable for other values of r, design parameters of another example with r = 2.8 is listed in Table II . The corresponding simulation result is shown in Fig.7 , which again shows satisfactory working of the designed WPD.
It can be recalled that Figs. 4 and 5 are valid for R = 2Z 0 , which requires extension only at the input port (i.e. partial extension). It is seen by comparing Figs. 4 and 5 that if one wishes to design the proposed WPD with partial port Table III. extension for r = 1.5, it cannot yield physically realizable design parameters. A remedy to solve this issue is to use port extension on both the sides, but at the cost of increased board area. It allows selecting R any other convenient value than 2Z 0 that results into a physically realizable design. In full extension case, Z m and R are two independent design variables that a designer can use to achieve the required performance. One possible set of the design parameters of the final example (r = 1.5) is listed in Table III to illustrate this situation. The simulated results are plotted in Fig. 8 which exhibits the proper working of the design.
In the light of above discussion, an effective design procedure using the proposed technique is outlined in Fig. 9 . Since, the port extension is partial when R = 2Z 0 , the design begins with this choice of R. Any value of Z m within 20 -150 could be chosen, but it should begin with Z m = √ 2Z 0 as this value gives better performance as per Fig. 6 . Subsequently, equations (4), (7), (9), (14) and (17) are used to calculate the input and outside matching network parameters. FIGURE 10. The fabricated prototype of the proposed dual-frequency WPD for f 1 = 0.9GHz and f 2 = 3.5GHz. Dimensions (Mils): l1=680, w1=160, l2=600, l3=400, w3=129.8, l4=797, w4=37.9, l5=519.4, l6=500, w6=110, l7=75.4, w7=110, l8=68, and w8=50, Bend:width=37.9, radius=100, angle=90 • .
If any of the design parameters is physically unrealizable, another choice of Z m is made and the designs steps are to be repeated. Once also has freedom to use an R other than 2Z 0 , but at the expense of mandatorily using port extension at the output with calculation of Z r using (11) . There may be many switching back and forth during the design of input and output matching networks as, in general, Z m and R are the two independent design variables that can be tuned to achieve a realizable WPD.
V. PROTOTYPE AND MEASUREMENT
For demonstration purpose, a prototype with partial port extension is designed and fabricated on Roger's RT/Duriod 5880 substrate having a dielectric constant( r ) of 2.2, dissipation factor (tanδ) = 0.0009, thickness of 1.5 mm with copper cladding of 35µm on both sides. The design frequencies are arbitrarily selected as f 1 = 0.9GHz and f 2 = 3.5GHz giving VOLUME 5, 2017 a high frequency-ratio of r = 3.88. The isolation resistor used in the prototype is Vishay-Dale CRCW series 100 , 0603 size SMD package (Part#: CRCW0603100RFKTA). Various dimensions of the prototype are marked in Fig. 10 . It is important to mention that the structure was designed to be symmetric about the horizontal axis and therefore the single stub at the input side was bifurcated into two parts (up and down). A symmetrical design will have better phase difference performance. The input side stub with characteristic impedance Z ls is equivalent to two stubs in parallel each having a characteristic impedance of 2Z ls . The EM simulated (using Keysight ADS2015) and the measurement results (using an Agilent Fieldfox VNA: N9926A) are shown in Fig. 11 . A small frequency shift in these results can be attributed to in-home fabrication of the prototype, due to the anomaly in the model used for the resistor, junction discontinuities, and variation in substrate parameters, etc. Nevertheless, the return loss and isolation at each design frequency are better than 14 dB (VSWR=1.5). Moreover, the measured transmissions S21 and S31 are −3.1dB@f 1 /−3.4dB@f 2 and −3.2dB@f 1 /−3.6dB@f 2 respectively, and compare well with the ideal value of −3dB. The measured phase differences are 0.4 • @f 1 / 1.2 • @f 2 are within the permissible tolerance. Overall, the measured response and EM simulated results of the prototype compare quite well. In the end, comparison with some of the previously reported designs is given in Table IV . Prototype results are under the shaded column. In the case, where the phase difference was not reported, they are marked as NA in the table. Since, [24] is an unequal and multiway divider, thus its prototype parameters are not compared. In papers where numerical data was not given, reported plots were used to extract data. In some cases, the s-parameters were reported as better value than mentioned in Table IV. Since the second design frequency considered for the proposed prototype is much higher than the other reported designs, a one-to-one comparison of various s-parameters may not give true picture. Nevertheless, the overall performance of the prototype does validate the design. In addition, it is evident from this comparison that the proposed design can solve some of the critical problems, especially, that pertaining to the isolation element dependency on the band-ratio, and has moderate band-ratio.
VI. CONCLUSION
In this paper, a novel equal split dual-band WPD utilizing port extension technique has been discussed. This paper starts by proposing interesting complex conjugate admittance properties of a transmission line terminated into a real impedance, and that of the conventional WPD core structure at two frequencies. Then using these properties, a very simple and effective design technique of proposed WPD has been presented. The design procedure has been outlined through a flowchart and many examples have been used to show the capabilities of the proposed technique. Without using any reactive components, the proposed technique has been shown to possess a great deal of flexibility, owing mainly to the presence of one or more free design variables. However, the tradeoff is an increased overall physical size, which is inherent in port-extension techniques. His current research interests are in advanced RF circuits, broadband linear and efficient power amplifiers for mobile and satellite applications, and highand low-frequency instrumentation. His research activities have led to one book, three patents (one pending), and over 65 publications. He recently joined IEEE Microwave Magazine Editorial Board as an Associate Editor.
